Abstract-In this paper, a distributed fault detection and isolation (FDI) scheme for formation flight of satellites is developed. In our proposed approach each satellite attempts to detect actuator faults of its neighboring agents in addition to its own faults. The main challenges are on integrating and fusing the FDI information generated by all agents in order to reduce and minimize the effects of false positive and false negative alarms. The attitude dynamics of a rigid body satellite is described by a system of nonlinear equations. Therefore, an Extended Kalman Filter (EKF) scheme is utilized to generate residuals for the nonlinear formation system in presence of additive noise representing the dominant environmental disturbances in space. Every satellite in the formation estimates its neighbor's states by using the EKF and based on the neighboring satellites dynamic model. The local or individual agent level FDI system produces residuals by using the state information of the neighbors that have been exchanged. Simulation results presented illustrate the effectiveness and capabilities of the proposed FDI design methodology for a network of formation flight satellites.
INTRODUCTION
HERE are several advantages in satellite formation flying concept. The ability to make formation more robust by eliminating single point failures is one of the most important advantages of formation flying. This multiple spacecraft approach will also impose less requirements and limitations on launch vehicles and thereby reducing the mission cost. Higher reliability and redundancy, higher resolution, simpler design and faster built time are other advantages of using multiple smaller satellites over a single large satellite [1] , [2] .
It is well-known that the efficiency and reliability of the formation can be degraded as a consequence of occurrence of a fault in the actuators of the satellites. Therefore, autonomous, real-time and on-line fault detection and isolation (FDI) strategies are required in order to diagnose faults before they can cause severe damages and lead to catastrophic failures in the entire networked formation system.
Deficiencies of the centralized FDI methods, such as the requirement of having access and exchanges of a large volume of data among the satellites, the excessive computational resources required, and the possibility of a single point of failure have motivated us to propose and develop a distributed FDI method for a network of formation flight satellites
On the other hand, there are several advantages of distributed FDI versus local FDI in formation flight of satellites which motivate us to propose this method. With distributed fault detection the system is more reliable, because the neighboring satellites also know about the fault of the faulty satellite and they can make decision on changing the formation, desired trajectory, desired attitude, and desired velocity, based on the knowledge that their neighbor is faulty and cannot operate normally. Furthermore, in the situations that more than one satellite have fault, it is not reasonable that each satellite make decision only based on its own fault, and it is more rational to use also the fault knowledge of the neighboring satellites for changing the mission. Distributed fault detection in a formation provides us this opportunity to make decisions a higher level and not based on only local information.
Fault detection and isolation in single satellites has been investigated with various methods in the literature (e.g. [3] , [4] , [5] , [6] , [7] ). However, there is not as much as research on the distributed fault detection for formation flight of satellites. In [8] a hierarchical fault diagnosis decomposition framework is developed for satellite formation flight through a component dependency model using Bayesian network structure. In [9] the overlapping block-diagonal state space representation of a hierarchical large-scale system is transformed into constrained -state block-diagonal state space model, and then a constrained -state distributed Kalman filter is proposed to estimate the states of the model. These methods are proposed for hierarchical formations and they cannot be generalized for all types of formations. A nonlinear observer combining second order sliding mode and wavelet networks is applied to a multiple satellite formation flying system in [10] . However, this approach does not have the distributed characteristic and is a localized method.
In this work, a model-based method is presented for the problem of actuator fault detection in formation flight of satellites. In our work each satellite is capable of detecting the actuator fault of its neighbor satellites using the exchanged information. Extended Kalman Filter is integrated in order to receive the neighbors' information and produce residuals that present the occurrence of fault in the local satellite and its neighbors. The method is verified by applying it to a virtual structure formation flight. Although our proposed method is developed for the satellite fault diagnosis, it is generic and can be targeted toward other types of cooperative fleet vehicle diagnosis problems.
II. SYSTEM DESCRIPTION

A. Satellite Attitude Model
Reference [11] presents the satellite's attitude model in details. Satellite attitude dynamics relies on "rigid body" dynamics and its orientation behavior can be explained on this basis. A rigid body has six degrees of freedom, where three of them are rotational parameters. In order to describe satellite attitude dynamics Euler parameters ( )
The equations (1) and (2) can be combined and described in one compact form as ( ) 
For the purpose of detecting the actuator fault of satellite with Extended Kalman Filter, we write the above nonlinear dynamics as following ( ) ( ( )) ( ) ( ) ( ) ( ) ( )
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where 4 As shown in (4),η is not an independent parameter and it can be obtained using other Euler parameters. Therefore, we have eliminated it from the states in (6) and (7).
B. Decentralized Formation Flying of Satellites
A decentralized architecture does not require a central supervisor and the autonomous capability for orbit determination, relative navigation, formation maintenance, and maneuver trim are distributed among the satellites [12] . Formation system consisting of n satellites interconnected via a communication network has a fully centralized control architecture when each satellite communicates with every other satellite as in Figure 1 Fully decentralized control produces an entirely redundant system, however additional complexity, data processing at each satellite, and inter-nodal communications channels are its disadvantages. A semi-decentralized architecture as in Figure  1 Each node is assumed to have nonlinear dynamics as given in (4) (8) where is the control input given by , where is the function to obtain the control input based on the state information of the neighboring satellites, state information of satellite , and the control law proposed for the system. The fault that occurs in the actuator of a satellite can affect the performance of other satellites in the formation because of its influence on their control input. Therefore, detecting the faults in a formation flight is even more essential than single satellite. In this paper we have proposed a method that gives each satellite the capability to estimate the fault of its neighbor satellites based on the state and control input information that are received from them.
C. Modeling of Faults
Three actuators of satellite are modeled by three gains and the actuator faults are modeled by changes in the torques using the partial effectiveness factors. For the system dynamics as stated in (4), the actuator faults modeled by effectiveness factors can be described as (9) where is the post-fault control input matrix and is given by (10) where is the effectiveness factor and for the satellite with three control channels can be written by (11) where , represents the partial loss in torque effectiveness of each axis.
III. DISTRIBUTED FAULT DETECTION AND ISOLATION SCHEME
A. Integrated Extended Kalman Filter
The attitude dynamics of satellite as given in (5) describes a nonlinear system. Therefore, the Extended Kalman Filter (EKF) is a proper FDI method, which provides an approximation of the optimal estimate by linearizing the nonlinear system model around the last state estimate [12] .
The continuous Extended Kalman Filter for system (5) is given by (12) 
As discussed earlier the formation of N satellites can be described as a graph ( , )
G V E with N interconnected nodes, and neighborhood set of vertex i named i N which is the set of vertices that have communication link with the vertex i and satellite i has access to their information. The set that includes satellite i is named
The mathematical model for the network of satellites, which combines the model of satellite i and its neighbors that send their information to satellite i , can be defined as 
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where Now the Extended Kalman Filter for the above integrated system is given by ( ) 
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B. Residual Generation
By applying the EKF estimator to the integrated system of satellites (16) of a fault in an actuator affects the residuals of the other actuators; however the magnitude of the change in the dedicated residual is significantly higher than change in the two other residuals. Using the residual evaluation technique presented below, the faulty actuator can be detected and isolated.
To evaluate the residuals the following weighted sum squared residual (WSSR) test is implemented
where i is the moment that we are going to make a decision, 1, 2, 3 l ∈ is the number of actuators, j is the number of the satellite, k is the sample time, W is a diagonal weighting matrix which can be chosen as a constant matrix, and M is the window length [13] , [14] . The following hypothesis test can be used for the fault decision, namely ( )
where 1 indicates the fault alarm and 0 indicates the normal or healthy behavior, and h is the threshold which can be determined with h based on this logic should lead one to not miss even a low severity fault and also not lead to false alarm for a healthy actuator as the result of the effects of faults of other actuators. To achieve a unique threshold, one can set the maximum of the jl h as h . However, in order to make a more accurate decision and to interpret the residuals more confidently, jl h can be used for each axis of each satellite individually. Our method does not lead to any restriction on the parallel occurrence of faults, since each actuator of each neighboring satellite has its own residual in the integrated EKF detection filters.
IV. SIMULATION RESULTS
In our simulation case study, formation flying of satellites is considered to be accomplished by controllers that are designed through the decentralized virtual structure approach [15] . The advantages of the decentralized virtual structure approach are its capability to maintain the formation tightly during the satellites maneuvers, and to prescribe the coordinated behavior of the team, and to resolve and remedy the limitations of the centralized solution and configurations that introduce a single point of failure for the entire formation system.
In our simulation we consider a scenario with five satellites as shown in Fig. 2 that are located on sun-synchronize orbit with altitude of 600 km , mass of 120 kg , and the moment of inertia for axes x , y and z at 9.8, 9.7 and 9.73 2 . kg m , respectively. The information exchange is in the form of bidirectional ring topology. The five satellites are distributed equally along a circle with a diameter of 0.7 km. We assume that the five satellites formation evolves as a rigid body and the formation shape is preserved and each spacecraft preserves a fixed relative orientation within the formation throughout the maneuvers. We also assume that each satellite has the same orientation relative to the virtual structure. In simulations, we instantiate a local copy of the coordination variable in each satellite and drive it into consensus using the control strategy as proposed in [1] , [2] .
The initial attitude of the virtual structure is assumed to be 10 ,15 ,12 is the axis number. In the following we investigate different fault scenarios to study the capabilities of our proposed FDI method.
A. Test the sensivity and decision making capabilityof the EKF detection filters
In this section, we present the results for two different faulty scenarios. In the first one the fault severity is 1% and in the second it is 99% reduction in the torque effectiveness.
The h value for the decision making logic is set to 5 
10
− .Our results show that our proposed residual generation and decision making rule is capable of detecting and deciding correctly regardless of the severity of the faults.
1) First Scenario
In the first scenario, a fault with 11 0.01 γ = is considered, which implies a 1% decrease in the torque effectiveness of the actuator x in the satellite #1. All the other ij γ are set to zero in this scenario. The residuals for the satellite #1 using the integrated EKF of satellite #2 are 11 ω  , 12 ω  ,and 13 ω  which are shown in Fig. 3 and their fault indices are shown in Fig. 4 . 11 12 13 , , m m m for scenario 1.
2) Seocnd Scenario
In the second scenario, a fault with 11 0.90 γ = is considered, which implies a 90% decrease in the torque effectiveness of the actuator x in the satellite #1. All the other ij γ are set to zero in this scenario. The residuals for the satellite #1 using the integrated EKF of the satellite #2 are 11 ω  , 12 ω  ,and 13 ω  which are shown in Fig. 5 and their fault indices are shown in Fig. 6 . 11 12 13 , , m m m for scenario 2.
B. Test the isolation capabilityof the EKF filters
Two scenarios are considered for this section. In the first scenario we test the capability of the integrated EKF to detect and isolate time overlapping faults in two different actuators of a neighboring satellite. In the second scenario multiple faults in multiple actuators of two neighboring satellites #1 and #3, and also the local satellite #2, have occurred.
1) First Scenario
In this scenario, two faults occur in two different actuators of satellite #3. 
2) Second Scenario
In this scenario, the satellites #1, #2, and #3 have actuator 
V. CONCLUSIONS
In this work, a model-based method is presented for the problem of actuator fault detection in formation flight of satellites. The fault detection and isolation problem in formation flying of spacecraft is investigated by designing a distributed FDI architecture to analyze and represent the advantages of the proposed architecture. Extended Kalman filter has been chosen as the fault detection and isolation technique because of its model-based and nonlinear characteristics. Although our proposed method is developed for the satellite fault diagnosis perspective, it is generic and is targeted towards other types of cooperative fleet vehicle diagnosis problems.
